Monocytes from the peripheral blood of nonimmune human subjects transformed in cell culture into macrophages with increased phagocytic capacity for killed typhus rickettsiae. When such cells were exposed to living virulent Rickettsia mooseri (Wilmington strain) or R. prowazeki (Breinl strain), or to the attenuated E strain of R. prowazeki, in the presence of medium containing normal human serum, all three strains readily entered the macrophage, but the subsequent fate varied according to strain and its virulence. Thus, R. mooseri grew readily to attain very high intracellular populations which eventually destroyed the macrophage in 3 to 5 days and escaped to infect other cells. Virulent R. prowazeki also grew at about the same rate for the first 2 to 3 days but then often abruptly ceased to multiply. Circumstantial evidence suggests a toxic effect on host cells by smaller numbers of R. prowazeki organisms than with R. mooseri. The attenuated E strain of R. prowazeki failed to grow in most cells and eventually disappeared, but did grow to substantial numbers in the very rare cell in some cultures, suggesting the presence of a few cells which may not be typical macrophages. The growth of R. mooseri in the macrophage cytoplasm was inhibited by chloramphenicol in the culture medium. When the drug was removed after 3 days, growth began after a lag period and assumed a normal rate. been introduced (18, 21), and typhus rickettsiae exert a distinct chemotactic effect on human polymorphonuclear leukocytes (16). However, the fate of typhus rickettsiae within phagocytic cells has not been defined.
Small amounts of human typhus immune serum, passively transferred to mice, protect against lethal Rickettsia mooseri (R. typhi) infection and, in higher concentration, prevent nonlethal immunizing infection but, even when fortified with guinea pig complement and divalent cations, fail to render R. mooseri or R. prowazeki noninfectious for the yolk sac of embryonated hen's eggs (C. L. Wisseman, Jr., et al, submitted for publication). These findings suggested that serum antibodies are probably important in immunity to typhus but, since they do not exert a direct rickettsiacidal action, probably require the participation of other host mechanisms, such as phagocytic cells. Indeed, both polymorphonuclear and mononuclear cells phagocytize living and dead typhus rickettsiae in both in vitro and in vivo test systems, and immune sera exert a specific opsonic effect (19, 21) . Prior been introduced (18, 21) , and typhus rickettsiae exert a distinct chemotactic effect on human polymorphonuclear leukocytes (16) . However, the fate of typhus rickettsiae within phagocytic cells has not been defined.
The present study reports the fate of virulent and attenuated typhus rickettsiae in macrophages in cell cultures, derived from peripheral blood mononuclear cells of nonimmune human subjects, maintained in a medium containing no typhus antibodies. A subsequent paper describes the sequence of events in systems in which serum or macrophages, or both, were derived from subjects who had previously experienced typhus fever (M. R. Gambrill and C.
GAMBRILL AND WISSEMAN bath. The preparations were checked for sterility and stored at -70 C. Some of the properties of the preparations used are shown in Table 1 .
Cell culture. Blood (500 ml) from healthy nonimmune male medical students was drawn into plastic bags. Heparin was added to a final concentration of 10 U/ml of blood. Dextran 250 (Pharmacia), prepared as a 6% solution in physiological saline, was added to facilitate erythrocyte sedimentation (1 ml/10 ml of blood). After 30 to 45 min the leukoplasma was collected and centrifuged at 140 x g for 5 min in two 250-ml bottles. The cells were then washed once in cold Hanks balanced salt solution (HBSS) and resuspended to a concentration of 15 to 20 million cells per ml in HBSS containing heparin (10 U/ml) and 5% pooled normal human serum (NHS).
In early experiments, after a 2-h incubation of 1.0 ml of cell suspension at 37 C in Leighton tubes containing cover slips, nonadherent cells such as lymphocytes and erythrocytes were removed by washing. This procedure was later modified in the following manner to give more evenly distributed cells. Approximately 10 to 12 million leukocytes per ml were placed in 70% autologous, heparinized, dextran-containing plasma and 30% Eagle basal medium (BME) without serum. The tubes with 1.0 ml of cell suspension were incubated at 37 C for 24 h and then washed with HBSS containing 1% NHS. BME containing 2x vitamins and amino acids, 30% pooled NHS, 1/50 beef embryo extract, and a final concentration of 0.024 M glutamine was added to the tubes which were reincubated at 37 C. The cultures were gassed with a 5% C02-air mixture after each change of medium, which occurred at 72-h intervals unless otherwise stated. The cells were incubated for 6 days before infection to allow degeneration of polymorphonuclear cells and transformation of monocytes into macrophage-like cells. Satisfactory cultures contained transformed macrophages sufficiently well separated from one another to permit clear recognition and counting of individual cells. Cell cultures were prepared and maintained without the use of antibiotics.
Exposure of cells to rickettsiae. On the 6th day of cell culture, rickettsiae, preincubated for 30 min at room temperature in BME containing 30% NHS (BME3O), were added to the cells and allowed to interact for 2 h at 37 C. The cells were then washed Quantitation of intracellular rickettsiae. Two to four cover slips were examined for each condition at each time interval. The number of rickettsiae per cell was recorded for each of a total of 100 consecutive cells from 10 preselected representative sample areas on each cover slip. Individual organisms were counted in cells containing 1 to 25 rickettsiae. Those cells containing more than 25 organisms were simply estimated as 26 to 49, 50 to 99, or 100, because it was impossible to make accurate counts of individual organisms. This unavoidable practice no doubt resulted in an underestimation of the number of rickettsiae in heavily laden cells.
For each experiment, the data were presented in three forms, each with special significance for interpretation: (i) percentage of cells infected, i.e., the percentage of cells which contained one or more visible organisms within its boundaries; (ii) average number of rickettsiae per cell, i.e., the total number of rickettsiae for all cells divided by the number of cells examined; and (iii) average number of rickettsiae per infected cell, i.e., the total number of rickettsiae for all cells divided by the number of cells containing one or more rickettsiae.
Due to the number of variables present, comparisons between different conditions were made only within the same experiment performed with one batch of tubes containing cells from a single bleeding of one donor, all processed simultaneously and identically. Each condition to be studied was present along with appropriate controls in each experiment. In this manner, certain trends were established that were consistent from experiment to experiment.
Statistical analysis (95% confidence limits). Although the data on rickettsiae per cell initially appeared to conform to a Poisson distribution, clumping of rickettsiae did not permit application of this test. By application of the Central Limit Theorem, the large sample population permitted use of the normal distribution. Confidence limits (95% level) were then determined on the means of the rickettsiae per cell (7) .
At a level of 95% significance, Z0.025 = ± 1.96, the statistical mean of the percent cells infected was used to estimate the proportion of cells that were infected in a given population (7). (Fig. 8) . Thus, after an initial slight fall in the first 24 h, the percentage of cells infected remained fairly constant until day 3 or 4, whereas the number of rickettsiae per cell progressively increased (Fig.  9-12 ) until many cells were packed with organisms. Eventually, the heavily laden cells degenerated, liberating rickettsiae into the medium (Fig. 12) (Fig. 8) .
RESULTS
(ii) R. prowazeki, Breinl strain, virulent. In contrast to the experience with R. mooseri, the growth pattern of R. prowazeki was more variable and required several experiments and purified preparations of the organism to establish the trend. Figure 13 shows the growth of two different lots of R. prowazeki in comparison to that of R. mooseri. Epidemic typhus organisms multiplied almost as well as R. mooseri until day 3 when growth leveled off and never reached the numbers of rickettsiae that R. mooseri did.
The possibility that R. prowazeki had been attenuated by numerous serial egg passages was then explored with a new lot of purified organisms prepared in eggs from material that had undergone 15 serial guinea pig passages. This material showed no deviation from the previous two preparations (Fig. 14) .
Counts of the total number of macrophages in cultures infected with R. mooseri or R. prowazeki within the same experiment revealed somewhat fewer total numbers of macrophages in cultures infected with R. prowazeki, especially as infection progressed. Moreover, it was the general impression that both the macrophages and the epidemic typhus rickettsiae, as well as R. mooseri infected cells and rickettsiae, within them did not take up Gimenez stain. The explanation for this apparent lesser yield of R. prowazeki in macrophages is not yet clear, but the altered staining characteristics and the falling number of cells in a culture suggest the possibility that this organism has a greater cytotoxic action on the macrophages and, hence, kills the cells before large numbers of organisms develop.
(iii) R. prowazeki Madrid E strain, attenuated. Although initially present in macrophages in numbers comparable to R. mooseri and the virulent Breinl strain of R. prowazeki, the Madrid E (or E) strain failed to grow in most cells. There was a steady decline in the (Fig. 14) . The organisms disappeared from most cells. During this time the macrophages, remained healthy and took up the Gimenez counterstain, as well as did the uninfected controls.
In a few cells, however, rickettsiae did multiply, as evidenced by the increase in rickettsiae per infected cell. By day 6 of the infection, a few heavily infected cells could be found by diligent searching under low-power magnification. The finding of the rare, heavily infected cell among a large population of cells from which the rickettsiae have disappeared suggests a nonuniformity in the system which may be worthy of further investigation-the infected cells may differ 9-12. Photomicrographs of growth of R. mooseri in macrophages in cell culture containing normal human serum (Gimenez stain Action of chloramphenicol on R. mooseri in macrophages. Since macrophages, especially adapted for ingesting and destroying many microbes, seem incapable of limiting the growth of virulent rickettsiae within their cytoplasm unassisted, studies were undertaken to determine whether simple inhibition of rickettsial growth with the rickettsiastatic antibiotic, chloramphenicol (chloromycetin, microcrystalline, Parke, Davis & Co.), would alter the outcome (Fig. 15) . When 10g of chloramphenicol per ml was added to the medium after the initial 2-h infection period, intracellular growth of R. mooseri was completely inhibited, and the number of organisms identifiable by examination of stained smears diminished. However, when the antibiotic-containing medium was replaced with antibiotic-free medium on day 3, the organisms reappeared after a lag of several days and began to multiply (Fig. 16) . Thus, the combination of antibiotic-induced rickettsiastasis, and the action of the macrophage was not lethal to the rickettsiae. The significance of the disappearance of visibly stained rickettsia under the action of the antibiotic remains to be determined. bling macrophages in a manner similar to that previously described by others for mononuclear cells from the peripheral blood of man and other animals (3, 4, 10, 11, 13, 15) . During the transformation, the cells exhibit an increasing capacity to phagocytize bacteria and rickettsiae. No enzymatic or ultrastructural examinations were performed in this study to demonstrate the degree to which these transformed cells had also developed lysosomal elements. They were, however, capable of clearing cellular debris from the cultures and of disposing of antibody-sensitized rickettsiae, as described in the following paper (M. R. Gambrill and C. L. Wisseman, Jr., in preparation). Hence, we have assumed that these transformed mononuclear cells possessed not only the morphological features but also many of the functional attributes of macrophages. They were not, however, treated in any special way to "activate" them further. In the absence of specific antibody, typhus rickettsiae (living or dead, virulent or attenuated) readily gain entrance into the cytoplasm of the macrophages. While it is reasonable to assume that the dead rickettsiae did so by phagocytic activity on the part of the macrophage, it has not been established to what extent phagocytosis operates as opposed to active penetration (6) by the viable rickettsiae in the system under study. It is conceivable that the mechanism by which the organism enters the macrophage might influence its intracellular compartmentalization (i.e., inside phagocytic vacuoles or free in the cytoplasm) and this in turn might determine its ultimate fate.
DISCUSSION
Regardless of the mechanism of entry, it is clear that both virulent R. mooseri and R. prowazeki are not destroyed within the macrophage, but instead they multiply and eventually destroy the macrophage. On the other hand, the attenuated E strain of R. prowazeki Fig. 17 . The numbers of R. mooseri reached very high levels within infected cells which, after 3 to 5 days, appeared finally to break down and release organisms into the medium.
In the early phases of intracellular growth, virulent R. prowazeki appeared to multiply at about the same rate as R. mooseri, but after about three days growth essentially ceased. At this time, fewer macrophages remained on the cover slips than in controls or with R. mooseri, suggesting the possibility that a relatively low intracellular population in cultures of R. prowazeki might have a toxic or other disruptive effect upon the host cell. This would not be inconsistent with the higher degree of virulence of R. prowazeki for man.
The attenuated E strain of R. prowazeki has reduced capacity to infect and kill experimental animals and is somewhat less toxic for mice (12) . It produces an attenuated immunizing infection in man, but attempts to demonstrate rickettsemia have thus far failed (8 thus far escaped elucidation. The E strain displays the same wide variety of metabolic, toxic, and hemolytic activities as do virulent strains (12, 17) . It grows well in the yolk sac of embryonated hen's eggs and in cell cultures (19) , although Anderson et al. (1) reported that virulent strains grew better in BS-C-1 cell cultures than did the E strain. Failure of the E strain to survive and grow in human macrophage cell cultures is the first real difference observed between virulent strains and E strain in regard to interaction with a component of the host defense system which might be related to its reduced virulence. The specific deficit in the E strain responsible for its failure to resist destruction within the macrophages remains unknown, but at least this finding may give a clue to the direction of future investigations on this matter. It has long been assumed that chloramphenicol is primarily rickettsiastatic for R. mooseri. Indeed, patients treated early in the disease relapse promptly if chloramphenicol therapy is discontinued soon after the patients become afebrile (22) . More recently, Barker (2) reported that chloramphenicol inhibits the growth of R. mooseri in BS-C-1 cell cultures but when the drug was removed after 4 days of treatment, multiplication of the organism occurred. The observations reported here indicate that chloramphenicol-inhibited R. mooseri are not ren- 20- dered uniquely susceptible to destruction by macrophages in cell cultures. Thus, with macrophages, as with the BS-C-1 cells, growth of the rickettsiae occurs when the drug is removed after 3 days of treatment and proceeds subsequently in the manner described for non-antibiotic-treated cultures.
Since typhus rickettsiae possess no unique resistance to phagocytosis (19) , their capacity to survive and to grow within macrophages, which forms a significant part of the cellular response to rickettsial infection (18, 21) , in the absence of specific acquired immune factors, most likely is important to their capacity to invade and to establish infection. Indeed, the macrophage may protect the rickettsiae from other host defense mechanisms and serve as a safe haven for the invaders during their initial amplifying cycles of multiplication. This conclusion is reinforced by the fact that the attenuated E strain lacks the capacity for survival within macrophages. The following paper (in preparation) describes the influence of specific acquired immune factors on the rickettsia-macrophage interaction.
